Abstract The potentialities of linear sweep voltammetry (LSV) for the characterization of the tarnish layer formed on pure and sterling silver samples exposed in the chapel and in the museum, at the Cathedral of Porto, in Portugal, are well demonstrated in this study. The technique allows the identification of the constituents of the thin tarnishing layers and also its relative abundance. A much more complex composition than the silver sulphide commonly associated with silver tarnish has been found, namely, silver chlorides, silver oxides and minor amounts of silver sulphide on the pure silver, plus copper oxides and a mixed copper-silver sulphide on the sterling silver samples. The tarnishing films were very thin mainly composed by silver chloride and silver oxides layers with estimated thicknesses ranging between 0.22 and 9.63 nm.
Introduction
Silver and silver alloys are applied in various fields, such as Cultural Heritage. Objects made of silver or silver alloys tarnish due to the interaction of the atmospheric pollutants with the metallic surfaces. Atmospheric corrosion happens, leading to the tarnishing and/or to the unpleasant appearance, or even to the loss of important details of the objects made of silver or silver alloys. The intensity of the phenomenon depends on the type of pollutants, on its levels and on the exposure time. Pollutants such as, sulphur compounds, namely, sulphur dioxide (SO 2 ), hydrogen sulphide (H 2 S) and carbonyl sulphide (OCS), other gases, such as carbon dioxide (CO 2 ), oxygen (O 2 ), ozone (O 3 ) and nitrogen dioxide (NO 2 ), as well as other species, such as organic acids and aerosols particles (NaCl, (NH 4 ) 2 SO 4 , Mg 2+ , Na + , Cl − , etc.) may interact with metals and alloys leading to the formation of superficial films which can be homogeneous or heterogeneous, thin or thick, porous or non-porous, conductors, semi-conductors or even insulators. The films can, in principle, be composed by sulphides, sulphates, oxides/hydroxides, chlorides, nitrates, carbonates and organic salts [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The degree of humidity and the oxidant conditions of the atmosphere play also an important role in the corrosion process and on the nature of the corrosion products [10] .
In order to avoid the tarnishing of silver and silver alloys objects, even when exposed in a museum, inside showcases, gases that may accelerate the corrosion process should be excluded and climatic conditions, such as temperature, humidity, etc., must be well-established and maintained constant. All showcases construction and dressing materials shall be routinely tested before being used. Other objects displayed with the silver objects, in the same showcase, can also cause tarnishing to the silver. Despite all the precautions the remaining gases can cause tarnishing on silver even when present at very low levels, and a certain tarnish rate is in general unavoidable. Slowing down the rate of silver tarnishing in museum context and at open spaces is highly desirable, but for that purpose the use of surface sensitive techniques is very important.
The problem of the influence of the atmospheric pollutants on the tarnishing rate and its mechanism are important tasks not yet completely understood, in spite of the amount of published data [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . According to Graedel et al. [7] , hydrogen sulphide (H 2 S) and carbonyl sulphide (OCS) are the principal atmospheric aggressive gases for silver and copper leading to silver and copper sulphides. However, according to Hallet et al. [12] , the XPS technique has identified the presence of several species other than silver sulphide. Also Homem et al. [13] have identified by SEM-EDS and XPS, on real samples taken from the Holy Altar of the Chapel of Porto Cathedral (made of pure silver and of Cu-Ag alloys, with copper percentages varying between 2 % and 40 %) compounds as silver chloride and silver oxides, copper oxides and copper sulphates, as well as particles of carbon, SiO 2 , Na 2 SO 4 .CaSO 4 , CaSO 4 .2H 2 O, Na 2 CO 3 , iron, lead and titanium oxides. In that study [13] , the authors have not found evidence of silver and/or copper sulphides. In fact, in the scientific community still remains some controversy about the composition of the silver tarnishing layers.
Electrochemical techniques, such as linear sweep voltammetry (LSV), cyclic voltammetry (CV) and square wave voltammetry (SWV) have been recognized as important tools for the corrosion monitoring on the metallic objects exposed to polluted atmospheres [14, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . By reducing the products formed on the metallic surface, it is possible to resolve the total layer into its major individual chemical constituents. On the other hand, the high sensitivity of technique allows measurements of extremely thin surface films. The potentialities of the electrochemical techniques can be greatly extended when applied to particles and droplets immobilized on carbon or other suitable electrode materials prepared and applied as described by Scholz et al. [28] [29] [30] [31] [32] [33] .
Doménech et al. [14, [22] [23] [24] [25] report the potentialities of the technique developed by Scholz and collaborators, named as voltammetry of microparticles (VMP), applied in the fields of archaeometry, conservation and restoration. They have recently applied the technique on the identification of the corrosion products on metallic and other objects exposed over the years in different media (air, soil, seawater, etc.). The identification being performed by comparing number, position and shape of the voltammetric peaks with those from reference compounds. This is particularly important when the corrosion products are powder mixtures which can be easily removed from the real samples. Eletrochemical methods applied to the impregnated microparticulate material are, as reported and demonstrated by Doménech et al. [14, [22] [23] [24] [25] , a powerful technique for the identification of minor amounts of corrosion products formed on artworks.
In connection with our work, as the films are so thin (order of few nanometers), uniform and highly adherent, the application of the VPM technique could be important when applied to immobilizied micro or nano particles of synthetized reference compounds incorporated on suitable electrode surfaces or on further studies dealing with very small amounts of corrosion products removed from the real object, the Holy Altar of the Chapel of Porto Cathedral, dated from the seventeenth to eighteenth centuries and made of silver and Ag-Cu alloys.
Previous studies on the electrochemical behaviour of pure silver and copper in aqueous solutions contain also useful data for the present study [34] [35] [36] [37] [38] [39] [40] [41] . Also the work by Langh et al. [42] on the delamination of silver sulphide layers can be an important piece of work in the context of our study, as well as the voltammetric analysis of artificially tarnished silver coupons described by Ankersmith et al. [43] and even the recent work by Doménech et al. [14] performed on the analysis of the corrosion products in highly corroded silver coins.
Concerning the pollution levels, de la Fuente et al. [44] have recently published a study on the effects of the air pollution on the cultural heritage. They report levels of SO 2 and NO 2 at Madrid, ranging between 6 and 60 and 36 and 86 μgcm −3 , respectively. Also Camuffo et al. [45] [46] and by Graedel at 300 ppt [9] , among others. Considering that the lowest observed adverse effect dose (LOAED) for the production of Ag 2 S is 2.5 ppb/year [4] , the probability of having Ag 2 S on the silver exposed in museums is quite low or even null. Even outside a museum in different cities around the world, the average concentrations of H 2 S are fortunately too small. This paper reports a contribution for a project which aims to understand the tarnishing process of the Holy Altar of the chapel of Porto Cathedral, a treasure of the Portuguese Cultural Heritage, made of silver and silver alloys, as described in previous studies [8, 13] . The authors have acquired in the market silver and sterling silver pieces, of high purity, from which the coupons used in the present study were prepared and then submitted to the chapel environment, being placed in selected points near the Holy Altar and in the museum inside showcases (not sealed).
The Porto Cathedral is situated on the top of a hill, looking down to the Atlantic Ocean, and is one of the most visited monuments in the north of Portugal, still open to catholic worship and frequent religious ceremonies attended by many people. Moreover doors are open the whole year and the number of visitants is quite high (approximately 5,000/year in the museum and 40,000/year in the chapel), particularly during autumn, spring and winter (Christmas time). The outdoor atmosphere of Porto is a typical urban, industrial and maritime atmosphere, where aerosols transporting particles of matter, such as chlorides, may play its role on the attack to the metallic samples. The relative humidity (RH) and the ozone and UV radiation levels are also important parameters enabling the corrosion process. In a dry atmosphere, corrosion will not take place; corrosion requires humidity and its rate varies with the degree of humidity. SO 2 has not been measured in the chapel; measurements have been carried out during a 1-year period at an atmospheric station, Sobreiras-Lordelo do Ouro, located in the surroundings of the cathedral. The average concentration of SO 2 has shown a value of 3.3 ppb; this value is in the range of those reported by Camuffo et al. [44] for Correr museum in Venice (5.3 ppb for indoor). The interaction of SO 2 with silver in an atmosphere with a certain degree of humidity may lead to silver sulphates or silver sulphides.
Measurements This paper presents a contribution of the electrochemical techniques for the identification of the main compounds of the tarnishing layers formed on pure and sterling silver samples exposed in the chapel and in the museum of Porto Cathedral, during the 1-year period, from March 2010 till March 2011. Control as well as blank samples have also been produced and used as references. The technique has also allowed the evaluation of the relative composition of the various compounds, as a function of exposure site and time. The higher reactivity induced by the relative small percentage of copper on the sterling silver in comparison with the pure silver samples, all submitted to the same atmospheric conditions, have also been well evidenced on the corresponding electrochemical recordings (voltammograms). The charges under the cathodic voltammteric peaks have been used to estimate the film thicknesses.
Experimental
Two working electrodes were made from polished coupons (1×1×0.1 cm) of pure silver (999 ‰ Ag) and of sterling silver (925 ‰ Ag+ 75 ‰ Cu). Both materials were supplied by the national market (Jewelery Paçó, Torre de Moncorvo, Portugal).
Each coupon was soldered to a copper wire and then inserted into a glass tube and sealed with epoxy resin. Before experiments, the electrodes were polished with 0.3-0.05 μm alumina paste to obtain a mirror like surface. The electrodes were then rinsed by doubly distilled water and inserted into the electrochemical cell. The electrochemical cell was a two-compartment cell filled with about 50 mL of the supporting electrolyte solution. The supporting electrolyte solution (0.1 M of sodium citrate dehydrated) was prepared with C 6 H 5 Na 3 O 7 .2H 2 O, pro analysis grade 99.5 %, and Milli-Q water from Millipore. The pH of the solution was 8.2.
Coupons of pure silver and of sterling silver covered with films of sulphides produced under controlled laboratorial conditions (closed atmosphere of H 2 S 1,000 ppm, RH0 53 %, T021°C, over periods of 24, 48 and 72 h) were mounted as described above. The silver electrodes covered with the sulphide films are designated by PS24, PS48 and PS72 and the corresponding electrodes made with the silver alloy as LS24, LS48 and LS72. Two electrodes made from coupons of pure silver and silver alloy covered with chloride films grown during 5 h, in a controlled and closed atmosphere (3.5 % of NaCl, RH041 %, T043°C), have also been mounted, as previously described, and then used as working electrodes (PCl5 and LCl5).
Finally a set of working electrodes was made from the silver 999 ‰ (P) and silver alloy 925 ‰ Ag (L) coupons exposed inside showcases, in the Treasure Room of the museum and near the Altar of the Holy Sacrament of the chapel, both of Porto' Cathedral. These two sets of coupons have been exposed during periods of 4 and 52 weeks with exposures of 4 weeks starting at the beginning of each season. The coupons were exposed on acrylic supports with an inclination of 45°C.
The identification of the samples exposed in the museum and in the chapel, which will be the subject of the present study, is given in Table 1 .
Electrochemical measurements were made using an Ecochimie Autolab PGSTAT 12 potentiostat, controlled by PC using the GPES software version 4.9. The reference electrode was a commercial mercury sulphate electrode, saturated with K 2 SO 4 (SME) with an E 0 0+0.64 V vs. SHE. The counter electrode was a platinum wire and the working electrodes were the samples previously identified (see Table 1 ).
Experiments were performed at room temperature (22°C) in the electrolyte solution de-oxygenated by bubbling nitrogen during 15 min before measurements. The open circuit potential between the working electrode and the reference electrode was measured before each experiment. In order to convert current intensity into current density, the area of all the working electrodes was accurately determined and charges were measured by integration between the curve and the baseline with the Origin software. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were applied to blank (bare) electrodes of pure and sterling silver (PB and LB electrodes); reference electrodes covered with sulphide films (PS24, PS48, PS72, LS24, LS48 and LS72); reference electrodes covered with chloride films (PCl5 and LCl5) and finally to the electrodes from natural exposures, in the museum (MP4Sp, ML4Sp, MP4S, ML4S, MP4A, ML4A, MP4W, ML4W, MP52, ML52) and in the chapel (CP4Sp, CL4Sp,CP4S, CL4S, CP4A, CL4A, CP4W, CL4W, CP52, CL52) of Porto Cathedral.
The quantification of the corrosion products was obtained from the charge involved in the corresponding electrochemical reduction process, which is determined from the area under the cathodic voltammetric peaks. This methodology has been often reported, among others, by Scholz et al. [47] [48] [49] [50] . The mass of the corrosion products is related with the amount of charge through the Faraday's law:
) represents the amount of mass, M is the molar weight (g mol
), z is the number of electrons involved in the redox process, F is the Faraday constant (C mol ) is the charge under the corresponding cathodic peak. The thickness of the film was estimated through the formulae:
With ρ being the density and l the thickness (ρ(AgCl)0 5.56 g cm −3 ; ρ(Ag 2 O)07.14 g cm −3 and ρ(Ag 2 S)07.23 g cm −3 ). Non-porous and non-hydrated layers covering the whole geometric area of the working electrodes have been assumed. The well-defined cathodic peaks give us evidence about the layer structure. Also in the literature, there are studies, such as those by Doménech et al. [14, 23, 24] , reporting data, even from shiny and lustrous surfaces, showing a bilayer structure composed by an outer and an inner layer.
Results and discussion

Visual observations
The colour exhibited by samples exposed during 1 month in the chapel and the museum varied from white to slightly brownish. The samples exposed during 1 year present a uniform film, still very thin, quite adherent to the surface. The morphology of the tarnishing layers on the various samples is being observed by surface analysis techniques, namely by scanning electron microscopy coupled with Xray energy dispersive analysis (SEM-EDX) and X-ray photoelectron spectroscopy (XPS). These and other spectroscopic studies are in progress and will be the subject of a future publication.
Voltammetric studies
Cyclic voltammetric responses from the blank samples
The cyclic voltammograms (CVs) of the two working electrodes of pure (999‰ Ag) and sterling silver (925 ‰ Ag) immersed in the 0.1 M sodium citrate solution are presented in Fig. 1a , while Fig. 1b shows the LSVs of the same electrodes with the potential being scanned, at 10 mVs −1 , in the cathodic direction, from 0 to −1.8 V.
The cyclic voltammogram of the pure silver electrode agrees well with the one reported by Zaky et al. [34, 35] who have studied the electrochemical behaviour of silver in borate buffer solution. Two anodic peaks, A 2 and A 4 at −1.1 and −0.88 V, respectively, and a broad peak, A 4a , preceding the passive region can be observed. During the cathodic scan, two well-defined peaks, C 4 and C 2 , at −1.04 and −1.49 V vs. SME are detected. However, it should be noted that the most relevant and well-defined peaks is the pair A 4 /C 4 , for which ΔE p 00.16 V. According to the literature [34, 35] , peak C 4 is related with the reduction of the AgO to Ag 2 O and peak C 2 is due to the electro reduction of Ag 2 O to Ag. A very small peak, C 5 , between −0.6 and −0.8 V is also observed in Fig. 1a . This peak may be related with soluble silver oxides species.
In the case of the alloy, the corresponding CV is almost coincident of that of pure silver with a well-defined pair of peaks, A 4 /C 4 , located at −0.88 and −1.1 V. However, peak Figures represent the number of weeks
C 2 is not so well defined, being more likely a broad region between −1.30 and −1.50 V, probably as a result of the reduction of copper and silver oxides (CuO 2 and Ag 2 O). The observed small differences are certainly related with the relative small percentage of copper in the silver alloy. However, it is worth to mention that the reduction charges on the LSV of the silver alloy are about twice higher than the corresponding ones of pure silver (4.88 vs. 2.01 mC cm
−2
). Concerning the silver-copper binary alloys there are not many studies published in the literature. Assaf et al. [36] have studied the electrochemical behaviour of two binary alloys in NaOH solutions. However, the two alloys have the following composition: 20 % Cu+80 % Ag and 80 % Cu+20 % Ag. For those alloys, they have concluded that below a critical potential copper dissolves preferentially and the three pairs of peaks corresponding to the formation and reduction of Cu 2 O, Cu (OH) 2 and CuO could be observed, while beyond a critical potential Ag dissolves and the CV shows the three peaks corresponding to AgO − , Ag 2 O and AgO. They have observed that in the second region both components may dissolve simultaneously and the corresponding CVs may show six anodic and six cathodic peaks. However, the silver alloy used in our study contains only a relative small percentage of copper (less than 8 %), then one shall not expect a behaviour much different from that of pure silver, as shown in Fig. 1a . The cathodic voltammogram (Fig. 1b) shows for the silver electrode two peaks: C 4 and C 2 at −1.06 and −1.48 V, respectively and a shoulder at ca. −0.90 V. In the case of the alloy the pattern is quite similar presenting peaks C 4 and C 2 at slight different potential values: −1.05 V, attributed to the reduction of AgO to Ag 2 O and −1.46 V, ascribed to the reduction of Cu 2 O to Cu. The peak at −0.90 V may be related with the reduction of soluble silver (II) oxide species.
Hazzazi et al. [38] have studied the passivation/depassivation of two Cu-Ag alloys (containing 20 % and 80 % of copper) in borate buffer (pH 08.4). The referred study presents also CVs of pure Ag electrodes showing three anodic peaks that were attributed to the formation of Ag 2 O multilayers, a peak related to the oxidation of Ag 2 O to AgO and prior to the O 2 evolution reaction they have found another anodic peak which they have ascribed to the oxidation of AgO to Ag 2 O 3 . During the cathodic scan they have found three cathodic peaks related to the reduction of Ag 2 O 3 to AgO, AgO to Ag 2 O and Ag 2 O to Ag, respectively.
LSVs of silver and silver alloy electrodes covered with films of sulphides Figure 2 presents the first scans of the cathodic reduction of the sulphide films, grown under controlled conditions (H 2 S 1,000 ppm, RH053 % and T021°C), during periods of 24, 48 and 72 h on the pure silver and on the silver alloy samples. The LSVs of the blank electrodes are also given. It should be mentioned that the atmosphere contains a huge amount of H 2 S, thus the films formed under those special conditions are certainly quite thick films and the black colour characteristic of the silver sulphides is well visible.
The cathodic voltammograms of the silver electrodes covered with the silver sulphide film, grown at about room temperature under low relative humidity atmosphere (53 %), show only one well-defined stripping peak, C 3 , located at −1.26 V, while the voltammogram of the blank silver electrode shows two small cathodic peaks C 4 and C 2 , located at −1.06 and −1.48 V, respectively. The observed peak at −1.26 V, C 3 , agrees well with that reported by Bernard et al. [27] and also by Costa and Dubus [20] , which they attributed to the silver sulphide. The linear sweep voltammograms of the three silver electrodes covered with the silver sulphide films (PS24, PS48 and PS72) in the case of pure silver show a very well-defined stripping peak, located at −1.26 V. The height of this peak increases linearly with the growth time of the sulphide film, at a rate of 40 μAcm
. However, it should be emphasized that 1,000 ppm of H 2 S is a huge concentration, therefore the intensities of the sulphide peaks are expected to be quite high ( j p C3 ranging from 0.7 to 1.7 mAcm −2 and the corresponding charges varying from 14.3 to 27.2 mCcm
) leading to a film with thickness varying from 25 to 48 nm.
In the case of the sterling silver (Fig. 2b) , the pattern of the LSV shows a broad cathodic peak, C 3 , at ≈−1.26 V (Ag 2 S), and a smaller peak, C 1 , at ca −1.62 V, which according to Costa and Dubus [20] can be ascribed to the reduction of a mixed copper-silver sulphide. The amount of copper in the alloy is relative low, therefore the lower intensity of peak C 1 is to be expected. The cathodic charge associated to peak C 3 on the voltammogram of the LS24 electrode is about 232 mC cm −2 , which corresponds to a film thickness of 412 nm. When compared with the charge corresponding to the pure silver electrode (PS24) is about ten times higher. Since both films have grown under the same experimental conditions then we may conclude that the high increase in the reactivity is induced by the relative small percentage of copper. According to Tran et al. [10] and also to Graedel [9] the products formed on silver and on copper due to the sulphidation by H 2 S are Ag 2 S and Cu 2 S following the reactions:
However, when the amounts of H 2 S are small then in the presence of a certain degree of humidity and levels of oxidants the formation of silver oxides (Ag 2 O, AgO or even Ag 2 O 3 ) may occur according to the following reactions:
The formation of silver sulphate and silver chloride may also happen in the presence of SO 2 and of Cl − ions, respectively, in humid and oxidant atmospheres, following the reaction:
Tran et al. [10] have obtained CVs of copper showing four peaks with two prominent peaks, located at −0.2/−0.3 and −1.3/−1.4 V vs. SCE (−0.6/−0.7 and −1.7/−1.8 V vs. SME). They have attributed those peaks to the reduction of CuO and Cu 2 S, respectively. They have also concluded that under a certain degree of humidity, Cu 2 S is the main component of the corrosion layer on copper. Tacconi et al. [41] have studied the early stages of copper sulphide film growth at quite negative potentials. Cyclic voltammetry combined with electrochemical quartz crystal microgravimetry (EQCM) showed the formation of initial Cu 2 S (chalcocite) phase and further oxidation leading to a non-stoichiometric over layers of CuS (covelite), for potentials ranging between −1.0 and −1.3 V vs. Ag/AgCl (−1.4 and −1.7 V vs. SME). According to Tacconi et al. [41] , the Cu 2 S film growth can be studied without the interference from oxides formation only by carefully restricting the range of potential values negative to −0.5 V vs. Ag/AgCl (−0.9 V vs. SME). For prolonged atmospheric exposures of copper, Tran et al. [10] report the formation of copper sulphides and also copper oxides. From the thermodynamic point of view, Cu 2 O is more stable than Cu 2 S, since ΔG°( 25°C) (Cu 2 O)0−126 and ΔG°( 25°C) (Cu 2 S)0−80 kJmol −1 .
LSVs of silver and sterling silver electrodes covered with films of silver chloride
As it is well-known sodium chloride is a major component of human perspiration. When perspiration or other residue are left on silver or silver alloys, after handling, the sodium chloride reacts with the silver to form silver chloride, which is highly sensitive and can darken over time [39] . Figure 3 shows LSVs of the pure and sterling silver electrodes covered with films of chlorides, grown during 5 h, in a closed atmosphere (3.5 % of NaCl, RH041 % and T043°C). The LSVs of the blanks are also given. Birss and Smith [39] , in a study on the formation and reduction of the AgCl films on silver in aqueous chloride solutions, have found a cathodic pattern with two peaks quite similar to those observed in our study: a small peak preceding the peak of high intensity. They have attributed the small peak (shoulder) at more positive potentials to the first stage of the deposition of a three-dimensional AgCl nuclei and the more intense peak to the growth of AgCl multi-layers. Silver chlorides are light coloured when formed, but soon became dark by photo-oxidation; its solubility in water is 5.2 mg/L.
In Fig. 3a for the PCl5 electrode, only the cathodic peak, C 6 , is observed at −0.21 V, necessarily due to the reduction of the silver chloride. On the other hand, for the alloy, Fig. 3b , two peaks are observed on the LSV of the LCl5 electrode: C 6 at −0.20 and a broad peak C 4 between −0.9 and −1.5 V. Peak C 6 is due to the reduction of the silver chloride, with charges of the order of 0.89 and 0.14 mC cm −2 for the pure and sterling silver, respectively. The broad peak has to be due to the reduction of the silver and/or the copper oxides. Again the higher reactivity of the alloy is well denoted by the high charge of the broad peak, between −0.9 and −1.5 V (5.1 mC cm
), while in the case of pure silver those peaks are not shown.
LSVs of silver and sterling silver electrodes from exposures in the chapel and in the museum LSVs of silver and sterling silver samples exposed in chapel and in the museum Figure 4 gives the LSV of the pure silver samples exposed in the chapel for a period of 4 weeks (1 month) with the exposure starting in spring time. For the assignment of the peaks on the LSV of the unknown films, the LSVs of the blank and of the reference electrodes covered with layers of silver sulphide and silver chloride are superimposed.
The LSV of the pure silver samples exposed in the chapel (CP4Sp) show two peaks, C 6 at −0.23 and another one at −1.10 V, located between peaks C 4 and C 3 . Both peaks present about the same intensity, of the order of 25 μA cm −2 (Q p C6 00.56 and Q p C3-C4 00.74 mC cm −2 ). It could be argued that the more cathodic peak of the CP4Sp sample may correspond to Ag 2 S, but it can also be due to the silver oxide since this peak can be displaced in the negative direction as peak C 6 is. In fact, Graedel et al. [7] has identified oxides as the constituents that form on silver during the tarnishing process, under atmospheric exposures, as well as acanthine (Ag 2 S) and chorargyrite (AgCl). Silver oxides have also been identified by Graedel et al. [7] , by Homem et al. [13] and by Chen et al. [16] , among many others. Nevertheless, it has been extensively reported in the literature [1, [3] [4] [5] [6] [7] that the primary atmospheric agents responsible for the degradation of the metallic materials are H 2 S, COS, particulate chloride and possibly, HCl, all acting in the presence of moderate to high humidity. Those who have identified Ag 2 S on the silver tarnish layer were for exposures under high aggressive conditions (higher concentrations of H 2 S, long exposure times, high degree of humidity, etc.). The amounts of H 2 S present in the atmosphere of the chapel of Porto cathedral during the spring time were certainly not enough to produce Ag 2 S during a short period of time (1 month). Figure 5 gives the LSVs of the pure and sterling silver samples exposed for a period of 4 weeks (1 month) in the chapel and in the museum, with the exposures started in the spring time (Sp).
Pure silver samples exposed in the chapel showed the peaks ascribed to silver chloride and to silver oxide exhibiting about the same intensity, around 35 μAcm −2 , while the voltammogram of the silver alloy presents three welldefined peaks: C 6 , C 4 and C 3 at −0.23, −0.97 and −1.26 V, respectively. The high reactivity of the silver alloy is again well evident, as well as the appearance of the peak assigned to the sulphides. The total reduction charge is considerably higher: 10.18 mC cm −2 (silver alloy) vs. 1.70 mC cm −2
(pure silver). The peak assigned to the reduction of silver sulphide (C 3 ) is well defined and presents quite high charge in the case of the alloy. For the 1-month exposures in the museum, the patterns of the LSVs of both samples are quite similar to the ones presented in the chapel (the same number of peaks) but with much lower intensities particularly in the case of the pure silver. For pure silver the charge of peaks C 6 varies from 0.30 (museum) to 0.56 mC cm −2 (chapel), while that of peak C 4 varies from 0.57 to 0.74 mC cm −2 . In the case of the alloy peak C 6 varies from 0.030 (museum) to 0.47 mC cm −2 (chapel), peak C 4 from 3.83 to 4.46 mC cm −2 and peak C 3 from 2.00 to 4.75 mC cm −2 . The data indicate that the amounts of chlorides, during that exposure period, have been much higher in the chapel than in the museum.
LSV of the silver samples exposed in the chapel and in the museum as a function of time Figure 6 presents the LSVs showing the effect of the exposure time on the silver coupons exposed in the chapel and in the museum (4 and 52 weeks). The LSV of the CP4Sp sample (Fig. 6a) corresponding to 1 month exposure of silver in the chapel shows two small but well-defined peaks, C 6 and C 4 at −0.27 and −1.12 V, respectively. After 1 year, those peaks are seen to increase in intensity and one additional small peak C 6a at around −0.24 preceding the big peak C 6 is also depicted. The LSVs corresponding to the silver samples exposed in the museum shows two small peaks C 6 and C 4 and at −0.22 and −1.1 V, while the one corresponding to 12 months exposure shows an enhancement of the both peaks. Peak C 4 being succeeded by a small peak C 3 at −1.20 V, probably related with the formation of the silver sulphide.
The total amount of chlorides deposited from the aerosols of the atmosphere during a 1-year period is certainly higher when compared with the period of 4 weeks. For the samples exposed in the museum, during 4 weeks, when compared with those exposed in the chapel the charges involved in the AgCl formation are lower in the museum ( j p C6 ≈10 μAcm −2 vs. ≈30 μAcm −2 ). The same behaviour is observed for the peak assigned to silver oxide (j p C4 ≈20 μA cm −2 vs. ≈ 30 μA cm
). The charges associated with the reduction of silver chloride from exposures of pure silver in the chapel varied from 0.56 to 3.61 mC cm −2 , during the 1 year exposure, while for peak C 4 related with the oxides the values varied from 0.74 to 1.04 mC cm −2 . Concerning the samples in the museum exposed during 1 year, the charges of the chloride peak varied from 0.30 to 0.55 mC cm −2 and the ones of the peaks related with the oxides from 0.57 to 1.38 mC cm −2 . It should be mentioned that the peak attributed to the silver sulphide starts to be seen on the LSV of the MP52 sample (Q p C3 00.59 mC cm −2 ).
Seasonal effects on the silver samples exposed in the chapel and in the museum
The voltammograms of the reduction of the films, due to the 1-month exposures of the silver in the chapel and in the museum, with the exposures that started at the beginning of the four seasons are given in Fig. 7 . The LSVs corresponding to the pure silver samples exposed in the chapel (Fig. 7a) show peaks attributed to the silver oxides (C 4 and C 5 ) and silver chloride (C 6 ); its definition and intensities are influenced by the season in which the exposure was initiated. For the winter exposures, the peak of silver chloride is better defined, presenting the shape of a stripping peak, while peak C 4 almost disappears and a broad peak C 5 probably also related with the reduction of silver oxides species is observed between −0.5 and −0.9 V. For the summer exposures the pattern of the LSV is quite complex, peaks C 6a and C 6 , followed by a shoulder at ≈−0.4 V, and by another one between −0.5 and −0.9 V and a well-defined peak C 4 . The spring exposure shows a behaviour quite similar to that of summer, but the peak C 6 is not split. The LSV of the autumn exposure shows a quite round, small and complex peak C 6 , followed by a doublet of peaks in the region of peak C 4 .
The total charge associated to the reduction of the film formed on pure silver in the chapel is lower for the autumn exposures. The charges associated with peaks C 6 from the pure silver samples exposed in the chapel show values between 0.54 and 0.89 mC cm −2 for the autumn and winter exposures, respectively. It is clearly shown that the higher amounts of silver chloride were produced on the samples with exposures started in winter. The total reduction charge varies from 1.33 to 2.62 mC cm −2 .
The voltammograms of the silver samples exposed in the museum (Fig. 7b) show the silver oxides peaks slight higher than that of the silver chloride, but both notable big in the winter exposures. The intensity of the silver chloride and silver oxides peaks follows the order:
, respectively. On the other hand, the peak attributed to silver sulphide is not observed. Our data are in agreement with those who argue based on thermodynamic values that in the presence of chlorides the formation of silver chloride is more probable than the silver sulphide. The amount of charges related with the silver chloride film on pure silver in the museum is 0.08 in summer and 0.56 mC cm −2 in winter and the corresponding to silver oxide reduction varied from 0.57 (spring) to 1.64 mC cm −2 in winter exposures.
Removal of films by continuous linear sweeps Figure 8 shows the effects of the successive scans, in the cathodic direction, revealing the process of the removal of the films produced on the silver coupon exposed in the chapel. From data of Fig. 8 , it can be concluded that during the first scan the peak attributed to silver chloride disappears, while the one related to silver oxide remains being displaced to more positive potentials. This effect may be related to the high oxidation currents observed at the anodic potential limit when the second and third scans are initiated. Data indicate also that AgCl is quite easily reduced, while the silver oxides are more stable, not being reduced under the established experimental conditions (solubility in water: (Ag 2 O)025 μg/L and (AgCl)05.2 mg/L). A small peak, in the region of the silver sulphide, is observed on the LSVs corresponding to the 2nd and 3rd scans. It seems that the disappearance of the AgCl peak allows the visibility of the small reduction peak which might be associated with the reduction of the silver sulphide (≈−1.3 V). Similar behaviour has been reported by Domenéch et al. [14] on a study dealing with the identification of corrosion products on a collection of archaeological copper-silver coins. The charges of the various cathodic peaks observed on the LSVs presented in the preceding paragraphs allow the estimation of the film thickness on the silver samples exposed under the various experimental conditions. Figure 9 gives the graphic of the reduction charges of the peaks associated to the reduction of the various constituents of the tarnishing films, as well as the total reduction charges measured between −0.1 and −1.2 V.
The estimated thickness of the chloride films formed on pure silver samples exposed during 1 month in the chapel varied from 1.43 nm, on exposures started in autumn, to 2.38 nm, on those started in winter, while the corresponding ones in the museum varied from 0.22 nm (summer) to 1.48 nm (winter), while the thickness of the oxides films on the samples exposed during 1 month in the chapel varied from 0.96 nm on the exposures started in the autumn to 1.34 nm on those corresponding to summer and winter, while the corresponding values on the samples exposed in the museum were 0.95 (spring) to 2.76 nm in the winter exposures.
Concerning to the influence of the exposure time, the thickness of chloride films formed on the silver samples exposed in the chapel vary from 1.49 (4 weeks start in spring) to 9.63 nm (52 weeks start in spring) and in the museum from 0.81 to 1.47 nm. On the silver in the chapel the silver chloride predominates being particularly high for the 52 weeks exposure, while silver oxides are slightly lower and particularly lower on the CP52 sample. The silver sulphide was formed in a measurable quantity, but still small, only on the MP52 sample. This is probably acceptable since the levels of the H 2 S concentration during the other exposures were too small that the LOAED of the silver sulphide was not reached.
Accordingly to Franey and Graedel [17] , the corrosion films that form on metals and alloys during field exposures are generally chemical mixtures. On the other hand, Chen et al. [16] have concluded about the formation of silver oxide forms, which are stable during exposure, and admitted the possibility of the formation of silver sulphate in field exposures. They have also concluded that in the presence of UV radiation and ozone in the atmosphere silver oxides may be the main corrosion products formed on silver samples. Graedel et al. [7] also state that in atmospheres contaminated with chloride ions, AgCl may be produced instead of Ag 2 S. Also Vieira and Piedade [51] have concluded, based on thermodynamic data, about the higher probability of having silver chloride, since ΔG°(AgCl)0−109.8 kJmol [52] the percentage of silver sulphide can be minimum in comparison with the other compounds, therefore of very difficult identification.
Conclusions
The influence of the atmosphere (chapel and museum), exposure time (1 and 12 months) and season in which the exposures were started (spring, summer, autumn and winter) has been observed and analysed on the LSVs of the electrodes made from the coupons of pure and sterling silver samples exposed to the various experimental conditions. For the 1-month exposures that started in spring, the peaks corresponding to the reduction of the silver oxides and silver chloride were, as expected, higher on the samples exposed in the chapel, while for the 12-month exposures Fig. 9 a Charges under the peaks associated to the reduction of silver chloride (peak C 6 ), silver oxides (peak C 4 ), silver sulphide (peak C 3 ) and total reduction charges (−0.1-1.2 V). b Estimated thickness of the films. All for the pure silver samples exposed under the programmed experimental conditions that started in spring, peaks have increased in size with the peak assigned to chloride being much higher.
The seasonal influence, even for the 1-month exposures, was particularly notable on the exposures started in winter, revealing pronounced effects on the chloride peak.
Concerning the corrosion products on the pure silver, it was possible to postulate the existence of silver compounds, as silver chlorides, silver oxides and very small amounts of silver sulphide. On the sterling silver samples, silver chlorides, silver and copper oxides and a mixed copper-silver sulphide were admitted as possible constituents of the tarnish layer. Whenever identified, the amounts of the silver sulphide were quite small; however, it shall be emphasized that none of the analysed samples presented the black colour characteristic of the sulphides.
The films were very thin (0.22 and 9.63 nm), but this was not surprising since the samples have been exposed on relative non-polluted atmosphere during a short period (maximum 1 year). A layer-by-layer film morphology has been assumed, since the cathodic peaks were well-defined stripping peaks. Besides the literature on similar studies reports surface analysis data confirming a layer-by-layer morphology. However, it should be mentioned that such studies deal, in general, with thicker films.
